Atomic and electronic structure of the YBa 2 Cu 3 O 7 / SrTiO 3 interface from first principles
The effect of dimensional confinement on the optical band gap of SrTiO 3 is investigated by periodically introducing one extra SrO monolayer every n SrTiO 3 layers. The result is the n ¼ 1-5 and 10 members of the Sr nþ1 Ti n O 3nþ1 Ruddlesden-Popper homologous series. Spectroscopic ellipsometry, optical transmission, and cathodoluminescence measurements reveal these Sr nþ1 Ti n O 3nþ1 phases to have indirect optical band gaps at room temperature with values that decrease monotonically with increasing n. First-principles calculations suggest that as n increases and the TiO 6 octahedra become connected for increasing distances along the c-axis, the band edge electronic states become less confined. This is responsible for the decrease in band gaps with increasing n (for finite n) among Sr nþ1 Ti n O 3nþ1 phases. With the increasing demand for sustainable green energy, tuning the band gap of photovoltaic and photocatalytic materials has become of tremendous importance. For example, the ability to tune the band gap of a photovoltaic material is critical for developing high efficiency solar cells, where the material is optimized to convert the solar spectrum into electrical energy. 1 In addition, the width of the band gap as well as the alignment of the conduction and valance bands affects the ability of a material to split water photocatalytically.
2,3 Improved fundamental understanding of the effect of systematic structural perturbations on the band gap and related optical and electrical properties of common structures can lead to the discovery of routes that tune electronic structure in desirable ways. Chemical substitution, 4-8 biaxial strain, [9] [10] [11] [12] and incorporation into a superlattice 13 have been reported to effectively modify the optical band gap of semiconductors and functional oxides.
With its simple cubic structure and incredible variety of properties, SrTiO 3 -a compound with attributes including incipient ferroelectricity, 14 a large and tunable dielectric constant, 15 superconductivity, 16 robust photocatalysis, 17 and the highest electron mobility of any oxide in bulk form 18 -is the quintessential perovskite. In this study, SrTiO 3 is modified through the periodic insertion of SrO planes to generate a structurally related homologous series with chemical formula (SrTiO 3 ) n SrO (or equivalently Sr nþ1 Ti n O 3nþ1 , the RuddlesdenPopper homologous series [19] [20] [21] ) consisting of n monolayers of perovskite SrTiO 3 alternating with a single additional layer of rock-salt SrO along the c-axis [ Fig. 1(a) ]. As SrO layers are inserted into SrTiO 3 , its dimensionality is systematically modified from SrTiO 3 , the n ¼ 1 member of this series in which the corner-sharing TiO 6 octahedra are connected in three dimensions, to the two-dimensional version Sr 2 TiO 4 (n ¼ 1) in which TiO 6 octahedra are connected as isolated sheets. The Sr 3 Ti 2 O 7 (n ¼ 2) 22 and Sr 4 Ti 3 O 10 (n ¼ 3) 23 phases have been reported as promising photocatalysts for water splitting.
Each unit cell of known Sr nþ1 Ti n O 3nþ1 RuddlesdenPopper phases contains two formula units and has tetragonal symmetry with space group I4/mmm. 19, 21 The growth of phase-pure Sr nþ1 Ti n O 3nþ1 samples in bulk form is limited by thermodynamics to low n (n 3) and n ¼ 1 (SrTiO 3 ). Simulations [24] [25] [26] have found that Sr nþ1 Ti n O 3nþ1 phases with finite n become less stable with increasing n, and a limit of stability at n ¼ 3 has been predicted. 17 In agreement with these calculations, conventional solid-state techniques have been only able to make polycrystalline n ¼ 1-3 samples. 19, 21, 27, 28 Attempts to make samples with higher, but finite, n result in samples with disordered syntactic intergrowths. [29] [30] [31] These intergrowths have prevented the investigation of the physical properties of Sr nþ1 Ti n O 3nþ1 phases with 3 < n < 1 on bulk samples. To overcome this issue, Sr nþ1 Ti n O 3nþ1 epitaxial films have been synthesized by reactive molecular-beam epitaxy [32] [33] [34] (MBE) and pulsed-laser deposition. [35] [36] [37] [38] These techniques have enabled the preparation of single crystalline films of Sr nþ1 Ti n O 3nþ1 phases with n up to 5 and investigation of their dielectric constant as a function of direction. 32, 34 How the optical band gap changes with n has, however, not been reported and is the subject of this letter.
In this study, we synthesize not only the first five Sr nþ1 Ti n O 3nþ1 phases but also the n ¼ 10 and n ¼ 1 40 does not interfere with our optical measurements of the band gaps of the Sr nþ1 Ti n O 3nþ1 films grown upon it. These artificial superlattices have the largest unit cells of any Ruddlesden-Popper phases ever made. The complex dielectric function spectra and optical band gaps of the complete series are measured by spectroscopic ellipsometry (SE) and compared to first-principles density functional theory. Band gap values are confirmed by the analysis of optical transmission and cathodoluminescence measurements.
The structural perfection of the epitaxial Sr nþ1 Ti n O 3nþ1 films with n ¼ 1-5, 10 was examined by four-circle XRD. Figure 2 shows annular-dark-field scanning transmission electron microscope (STEM) images taken from the n ¼ 1, 3, 5, and 10 films, using a 200 kV FEI Tecnai F20 SuperTWIN STEM. Titanium columns show lower intensity than strontium columns in annular-dark-field STEM images. The structure of the films is in agreement with the models for n ¼ 1, 3, 5, and 10 Sr nþ1 Ti n O 3nþ1 unit cells (on the left side). Defects such as vertically running SrO double layers, however, remain and cause the images to appear patchy especially for the n ¼ 10 film, which is the most thermodynamically unfavourable of this series.
The optical band gap of the entire Sr nþ1 Ti n O 3nþ1 (n ¼ 1-5, 10, 1) series on LSAT substrates was determined by ex situ spectroscopic ellipsometry and optical transmission measurements at room temperature. Room temperature ellipsometric spectra (in D and w) were collected at two angles of incidence, H i ¼ 55 and 70 , using a variable-angle rotatingcompensator multichannel spectroscopic ellipsometer 42, 43 over a spectral range from 0.75 to 6.5 eV. Unpolarized optical transmission spectra were collected at normal incidence over a spectral range from 1.5 to 5.0 eV. The complex dielectric function (e ¼ e 1 þ ie 2 ) and microstructural parameters (bulk layer thickness and surface roughness) were extracted using a least squares regression analysis and an unweighted error function 44 to fit the experimental ellipsometric spectra to a scattering matrix based optical model of coherent multiple reflections propagating in the semi-infinite LSAT substrate/ bulk Sr nþ1 Ti n O 3nþ1 film/surface roughness/air ambient structure. Free parameters in the model correspond to the bulk and surface roughnesses of the Sr nþ1 Ti n O 3nþ1 film and a parameterization of e for the Sr nþ1 Ti n O 3nþ1 . The parameterization of e for each Sr nþ1 Ti n O 3nþ1 film was represented by five TaucLorentz oscillators 45, 46 sharing a common absorption onset and a constant additive term to e 1 , represented by e 1 . The optical properties of the surface roughness layer were represented by a Bruggeman effective medium approximation 47 consisting of a 0.5 bulk film/0.5 void mixture. An LSAT substrate was characterized using the same process to determine its structure and reference optical properties. The LSAT substrates used in this study had approximately 16 Å of surface roughness determined in this manner, while that of the films ranged from 23 to 53 Å with decreasing n. The surface roughness layer thickness measured optically on the LSAT substrate may be due to a combination of roughness and contaminants on the surface, as the inclusion of an interfacial layer between LSAT and the Sr nþ1 Ti n O 3nþ1 film in modelling the spectra of the substrate/film samples did not significantly affect the fit. As the surface roughness of the films was sufficiently low so that variations in the void fraction and surface roughness become correlated, the void and bulk material fractions were fixed at 0.5 in this layer.
After bulk film and surface roughnesses were obtained from the parameterized model, numerical inversion was used to extract e as a function of photon energy directly from the experimental ellipsometric spectra. Similarly, these structural parameters, a scattering matrix model using coherent interference effects and incoherent multiple reflections within the finite-thickness LSAT substrate, and the measured thickness of the LSAT substrates, which ranged from 0.6-1.0 mm with variations due to polishing of the back side of the sample, were used to extract the absorption coefficient, a, as a function of photon energy directly from the optical transmission spectra. The minimum values of e 2 obtained for these samples ranged from 0.02 to 0.05. Figure 3 (a) shows a comparison of e across the Sr nþ1 Ti n O 3nþ1 (n ¼ 1-5, 10, 1) series. By comparing the sets of spectra, all films seem to share critical point features at comparable energies above 4.0 eV. Below 4.0 eV in the e 2 spectrum, however, it is observed that the films exhibit increasing low energy absorption with increasing n, and the small critical point feature in the vicinity of 3.75 eV present for SrTiO 3 is damped for lower n.
e obtained from numerical inversion of the ellipsometric spectra is converted to the absorption coefficient, a, as a function of photon energy. a 1/2 and a 2 obtained from spectroscopic ellipsometry and optical transmission measurements are then plotted as functions of photon energy [ Fig. 3(b) ] and extrapolated using a linear relationship to a 1/2 (a 2 ) ¼ 0 to identify the indirect (direct) band gap as has been previously used to identify the band gap of SrTiO 3 . 48, 49 From the plot of a 1/2 as a function of photon energy, it is observed that there is a line with a high slope and an intercept 3.5 eV.
There is significant noise and a loss of sensitivity below this intercept in the data collected from ellipsometry. Artifacts in the optical transmission spectra potentially arise from sampling different spots on the surface by each optical technique while analysing using the same optical model and structural parameters or potentially from changes in the LSAT substrate arising from heating during film deposition. Thus, the band gap values reported from this analysis may not be absolute, as a second line attributed to phonons with lower slope extending to lower photon energies was not able to be adequately quantified. The values reported here extrapolate the intercept of a 1/ 2 ¼ 0 using a range from 2000 < a < 40 000 1/cm, using a span of a intermediate to that adopted for SrTiO 3 in Refs. 48 and 49. At the very least, these values represent the location of the absorption edge as a function of n obtained in a selfconsistent approach. All results from spectroscopic ellipsometry (Fig. 4) follow similar behaviour and the band gap determined from a 1/2 ¼ 0 decreases monotonically from 3.48 6 0.025 eV (n ¼ 1) to 3.15 6 0.025 eV (n ¼ 1) with increasing n. Results from optical transmittance (Fig. 4) also exhibit a decrease in band gap from 3.51 6 0.03 eV (n ¼ 1) to 3.30 6 0.05 eV (n ¼ 10). A similar decrease is observed in the direct gap by extrapolation of a 2 ¼ 0 obtained from spectroscopic ellipsometry and transmittance (Fig. 4) . The band gaps determined by cathodoluminescence spectroscopy (CLS) 50 on the same sample set are in agreement with the values obtained from ellipsometry and optical transmission spectra (Fig. 4) . Extracting the CLS band gap required systematically deconvolving the band edge emission from a large substrate defect contribution. The LSAT substrate contributed the dominant signal to the spectrum. In order to establish a precise band gap value, we subtracted this defect emission from the total spectrum to establish a new baseline that yielded the band edge emission peak. The experimental band gaps of the Sr nþ1 Ti n O 3nþ1 (n ¼ 1-5, 10) phases fall between the high band gap SrO (n ¼ 0) and SrTiO 3 (n ¼ 1) end members of the series 48, 49, 51 (experimental details of CLS measurements are provided in S3 of Ref. 39) .
Our optical band gap results are in qualitative agreement with the only prior reports of the optical band gaps of members of this series. 28, 52 For n ¼ 1, the optical band gap has been reported to be 3.4 eV and 3.9 eV. 28, 52 For n ¼ 2, the only report is 3.1 eV, which the authors found to be the same as their SrTiO 3 control samples. 28 This disagrees with our results where we find n ¼ 2 to have an optical band gap about 0.2 eV higher than n ¼ 1 and could be due to higher n intergrowths in the polycrystalline n ¼ 2 samples previously studied. 28 Our work fills the gap between n ¼ 2 and n ¼ 1 members and provides high quality data on Sr nþ1 Ti n O 3nþ1 phases inaccessible to bulk synthesis techniques (a table of experimental band gap values obtained in this work is provided in S5 of Ref. 39) .
In addition to the measured band gaps (left axis), Fig. 4 also shows the computed band gaps (right axis) of these Sr nþ1 Ti n O 3nþ1 phases from first-principles density functional theory (DFT) calculations within the local density approximation (LDA). Kohn-Sham indirect band gaps were calculated as the difference between the conduction band minimum (CBM, C point) and valence band maximum (VBM, R point for SrTiO 3 and X point for finite n). Separate axes are used because DFT-LDA calculations significantly underestimate band gaps, a result of their neglecting manyelectron interactions. 53, 54 Nonetheless, they can capture qualitative trends, [55] [56] [57] as seen in the analogous dependence of the measured and calculated band gaps in Fig. 4 on n for finite n. The decrease in band gaps with increasing finite n can be attributed to a reduction in confinement energy as the states bracketing the band gap (nonbonding combinations of Ti 3d orbitals in the case of the CBM and antibonding O 2p orbitals in the case of the VBM) reside in regions of connected octahedra that are increasingly extended in a third dimension.
In notable contrast to experiment, however, computed band gaps for 3 < n < 1 are smaller than that of SrTiO 3 (n ¼ 1). It is not altogether surprising that this discontinuity is seen in theory, but not experiment as the two band gaps are obtained in fundamentally different ways. Our KohnSham band gaps are simply differences between CBM and VBM energies. The discontinuity at n ¼ 1 arises from a change in the spatial makeup of the CBM-in short, because finite n structures have SrO bilayers while n ¼ 1 does not. CBM states for large finite n consist mainly of Ti 3d orbitals confined to two-dimensional layers on either side of the SrO bilayers, while SrTiO 3 CBM states are fully threedimensional combinations of Ti 3d orbitals (further explanation of the band gap changes due to dimensionality is provided in S4 of Ref. 39) . Experiments, however, obtain the band gap from an extrapolation of optical spectra near the absorption edge onset. As n gets large, the contribution of SrO bilayers to the density of states vanishes, leading the optical behaviour (and the properties extracted from it, including band gap) to approach that of n ¼ 1. For a quantitative comparison of theory to experiment, one must calculate the full optical spectra of these compounds (including electronhole interactions) and extract the band gaps as they are taken in experiment. Such analysis will be explored in future theoretical work. 
